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Abstract—Wireless power transfer (WPT) and wireless energy 
harvesting (WEH) using rectennas are becoming an emerging 
technology. This paper presents a novel design method for a 
rectenna suitable for a wide range of selectable operating 
frequency band, input power level and load impedance. Most 
importantly, it is realized without using complex impedance 
matching networks which shows significant advantages over 
existing rectennas in terms of the structure and cost. A rectenna 
example has been designed, made and tested using this novel 
method. The proposed rectenna has a compact size of 90 × 90 × 
1.58 mm3 and operates at four different frequency bands that are 
selectable from 1.1 to 2.7 GHz. Over 60% (up to 85%) energy 
conversion efficiency is achieved for the input power from 0 to 15 
dBm and load impedance between 700 and 4500 Ω. The rectenna 
shows excellent performance for the target applications (WPT 
and WEH) with a much-simplified structure and reduced cost.   
 
Index Terms—Broadband rectenna, frequency-selectable, 
matching network elimination, wireless power transfer, wireless 
energy harvesting. 
I. INTRODUCTION 
IRELIESS power transfer (WPT) from a source to a load 
without the connection of electrical conductors was first 
demonstrated by Tesla in the 1890s and has been continuously 
investigated by researchers over the past decades [1]. 
Nowadays, the development of WPT is of great significance to 
the modern industry, since a range of potential applications 
have been found in such as wireless chargers [2], [3], electric 
vehicles (EVs) [4]-[7], wireless communications [8], sensor 
networks [9], RFID [10], [11], Machine-to-Machine (M2M) 
[12], and the Internet of Things (IoT) [13]. In addition to the 
well-studied inductive power transfer system, the radiative 
WPT system and the wireless energy harvesting (WEH) from 
ambient electromagnetic fields using rectifying-antennas 
(rectennas) have become an extremely hot research topic in the 
recent years [14], [15]. Especially with the upcoming new 
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technology wave of smart home, smart cities and the IoT, 
self-sustainable standalone low power electronics devices (e.g., 
smart sensors and monitors) that automatically collect and 
report the data to the server could play an important role [16]. 
The WEH would become one of the cutting edge solutions for 
providing continuous power to low power sensors and 
monitors.  
Much progress on rectennas for WPT and WEH has been 
made [17]-[27].  Among them, multiband and broadband 
rectennas with good/excellent performance (e.g., high 
conversion efficiency and reduced nonlinear effect) have 
shown significant advantages over other types of rectennas in 
terms of the output power level and suitability for different 
operating conditions. However, the optimal design of such 
rectennas is still challenging due to the nonlinearity of the 
system. So far, there have been very few multiband and 
broadband rectennas reported with excellent performance [21], 
[23]-[27].   
 Up to now, two widely adopted configurations for multiband 
and broadband rectennas have been reported, as depicted in 
Figs. 1(a) and (b). The first configuration is a rectenna using a 
single branch multiband or broadband impedance matching 
network and a corresponding rectifier [17], [18]. The signals 
received by the antenna over the frequency band of interest 
(from f0 to fN) can be delivered to the rectifier through the 
network. The RF power of the signal is then converted to DC 
power and delivered to the load. However, there are two major 
drawbacks of this configuration:  
1) The loss of the complete matching network is quite high 
due to the large number of cascaded circuit components. Thus it 
would be difficult to achieve a high efficiency rectenna 
covering different frequency bands using this method; 
 2) The higher order harmonic signals generated by the 
rectifier cannot be effectively rejected when the bandwidth of 
the network is larger than 2: 1 (e.g., fN > 2 f0), which may reduce 
the overall power conversion efficiency of the rectenna. 
To overcome the aforementioned drawbacks, the second type 
of multiband rectenna has been introduced and shown in Fig. 
1(b). This rectenna is designed with multi-branch separate 
matching networks and rectifiers, where each branch is 
matched to a particular operating frequency. Meanwhile, the 
output DC power of the whole circuit is combined at the output  
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Fig. 1. (a) Configuration of a conventional rectifying antenna system with a 
single-branch impedance matching network. (b) Configuration of a rectifying 
antenna system with separate circuit branches. (c) The proposed novel 
frequency selectable rectenna without the need of impedance matching 
network. 
port [21]-[26]. In this case, the loss of a single matching 
network can be reduced and the operating frequency of the 
rectenna can be extended by adding additional circuit branches. 
In this case, the harmonic signals of each single rectifier can 
also be effectively rejected. But, there are still disadvantages 
for this configuration. For example, the number of circuit 
components used for this configuration is normally very large 
and the structure of the design is quite complex (for a large 
frequency bandwidth). As a consequence, such rectennas 
would have a higher cost due to the complex fabrication 
process and structure.  
In addition, the aforementioned conventional rectennas 
normally use antennas matched to standard 50 Ω. The matching 
networks should also match the complex high impedance of the 
rectifiers to 50 Ω as well. In this scenario, the performance of 
the rectenna would be very sensitive to the impedance variation 
of the nonlinear rectifier [19]. It is difficult to achieve 
consistent conversion efficiency in different operating 
conditions due to the impedance variation and mismatch.  
In this paper, we introduce a novel design method for a 
wideband frequency selectable rectenna. An important feature 
is that the proposed rectenna does not require additional 
matching networks, which is very different from the existing 
rectennas. The antenna impedance (Zs) is directly (complex 
conjugate) matched with the rectifier impedance (ZL) at several 
desired frequency bands, as shown in Fig. 1(c). Thus the 
proposed rectenna is of a relatively simple structure, a compact 
size and low cost. The frequency bands of interest can be easily 
tuned by loading a number of shorting pins on the antenna.  
Moreover, this novel design concept generates a high 
impedance complex conjugate matching system that could  
 
(a) (b) 
 
(c) 
Fig. 2. (a) A typical center-fed microstrip patch antenna. (b) An off-center-fed 
patch antenna. (c) The proposed off-center-fed patch with shorting pins. 
 
significantly reduce the performance variation due to the 
nonlinear effect of the rectenna, as discussed in [27]. The 
proposed rectenna is, therefore, suitable for a wide range of 
operating frequencies, input power levels and load impedance. 
To the authors’ knowledge, it is the first time to introduce an 
“adaptive” rectenna with a wide selectable frequency band and 
consistent performance for different operating conditions, but 
without using complex matching circuits. 
The rest of this paper is structured as follows. The detailed 
design steps are introduced in Section II and Section III. The 
measurement and experimental results are provided in Section 
IV. Finally, conclusions are drawn in Section V.  
II. COMPACT RECTENNA DESIGN WITH SELECTABLE 
OPERATING FREQUENCY 
A. Multiband Matching Network Elimination 
The rectifiers are normally of complex high input impedance 
(e.g., real part > 200 Ω and |imaginary part| > 300 Ω) and their 
impedance is very sensitive to the variation of operating 
conditions (e.g., frequency, power and load) due to the strong 
nonlinearity of the rectifying diodes [23], [26]. Therefore, the 
design of the impedance matching network for broadband or 
multiband rectennas with consistent performance is extremely 
challenging. The reported rectenna designs in the literature are 
mostly based on the 50 Ω impedance matching system. Their 
matching networks are of complex structures, high cost and 
high loss. For an integrated rectenna design, if the antenna 
impedance can be tuned to the desired value, while the 
impedance of the antenna can directly conjugately match with 
that of the rectifier, the matching network of the complete 
rectenna is therefore eliminated. In this way, the design 
procedure is significantly simplified and the proposed rectenna 
is of a simple structure and low cost [27], [34]-[35].  
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Fig. 3. The simulated real part (resistance) and imaginary part (reactance) of the 
impedance of center-fed patch (CFP) antenna, off-center-fed patch (OCFP) 
antenna, and the proposed OCFP with shorting pins.  
   
               (a)                                 (b)                               (c)       
Fig. 4. The simulated surface current distributions at 1.85 GHz of (a) the 
center-fed patch (CFP) antenna; (b) the off-center-fed patch (OCFP) antenna; 
(c) the proposed OCFP with shorting pins.  
 
    Here, we propose a new method to manipulate the input 
impedance of a typical microstrip patch antenna, where the 
antenna impedance can be tuned to match with the impedance 
of the rectifier at the desired frequency band (with a ratio < 2: 
1), and mismatch at other frequencies (for harmonic rejection). 
Using this method, we could get rid of the complex matching 
network of the conventional multiband and broadband 
rectenna, but the rectenna could still achieve competitive 
performance for the target applications (WPT and/or WEH). 
The microstrip patch with a ground plane is one of the most 
common antennas. It has attractive features such as low cost, 
simple to design and easy to fabricate. As a design example, we 
employ such a patch antenna using Rogers Duroid5880 PCB 
with a relative permittivity of 2.2 and a thickness of 1.58 mm. 
As depicted in Fig. 2(a), the copper patch antenna on the top 
layer has a thickness of 70 ȝm and a size of W × L mm2. The 
patch is fed by a typical microstrip line. The size of the PCB is 
G × G mm2. From the theory [28], the radiating edges of the 
patch determine the resonant frequency of the antenna.  
 
Fig. 5. The simulated real part (resistance) and imaginary part (reactance) of the 
proposed antenna with different values of parameter D.  
 
     Therefore, according to the design guide, if W = 64 mm, L = 
56 mm and G = 90 mm, the fundamental resonant frequency of 
the patch antenna at TM100 mode is estimated as 1.84 GHz. The 
antenna performance is validated by using software simulations 
with the aid of the CST software. As shown in Fig. 3, the 
simulated real part (resistance) and imaginary part (reactance) 
of the antenna impedance show that a resonant frequency of the 
patch is indeed around 1.85 GHz (for resistance = 50 Ω and 
reactance = 0 Ω) which verifies the predictions. Additionally, 
the antenna also has anti-resonant performance at about 1.8 
GHz, since the resistance is relatively high (e.g., about 200 Ω) 
while the reactance varies rapidly from 150 to -50 Ω at 1.8 
GHz. In our case, the anti-resonant high impedance of the 
antenna would be used to directly conjugate match with the 
impedance of the rectifier. However, it is well known that a 
conventional microstrip center-fed-patch (CFP) antenna 
usually has a narrow frequency bandwidth. The ratio of the 2nd 
harmonic frequency/fundamental resonant frequency of the 
CFP is normally larger than 2. Consequently, if such CFPs are 
used for rectenna design without a matching network, the 
rectenna is only possible for a single narrow operating 
frequency band. 
 To adjust the frequency ratio of the CFP, we introduce a 
novel feeding method. As shown in Fig. 2(b), based on the 
geometric center of the patch, the antenna is rotated 
anti-clockwise by 90 – θ degrees. Thus the angle between the 
patch and the feed line is θ (θ = 60º in this example). In this 
case, the antenna is an off-center-fed patch (OCFP). The 
simulated surface current distributions of the CFP and OCFP at 
their fundamental resonant frequency (1.85 GHz) are compared  
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Fig. 6. The rectenna design using the proposed OCFP with shorting pins (D = 
15 mm). The capacitors C1 = C2 = 100 nF, D1 and D2 are Schottky diodes 
HSMS2852, and RL = 2000 Ω.  
 
in Fig. 4. The OCFP shows stronger current flows on both sides 
of the radiating edges. In addition, the OCFP has a very strong 
current distribution on the edge that is close to the feed line, and 
has weaker current flows on other edges (see Fig. 4(b)). Due to 
this unbalanced current distribution, multiple resonant 
frequencies can be created between the fundamental and 
second resonant frequencies of the antenna [27]. From Fig. 3, it 
can be seen that the OCFP has realized three anti-resonant 
frequencies with relatively high impedance at around 1.5, 1.8 
and 2.4 GHz over the frequency range of interest. Compared 
with the conventional CFP, the frequency ratio of the antenna is 
changed from 1: 2 (1.85 GHz/3.7 GHz) to about 1: 1.2 (1.5 
GHz/1.8 GHz) which means more matching frequency points 
to large impedance. 
  Next, two pairs of identical shorting pins are symmetrically 
loaded on the OCFP with the aim to achieve selectable/flexible 
impedance matching for the rectenna design. The shorting pins 
are conducting holes which electrically connect the patch to the 
ground plane of the PCB. As depicted in Fig. 2(c), each hole 
has a diameter of 0.8 mm and a distance of D to the center of the 
PCB. The value of D in this figure is 15 mm as an example. 
Having loaded these shorting pins, from Fig. 4 it can be seen 
that the current has been suppressed to pass through the center 
area of the patch. The current distributions on the four edges of 
the patch are therefore enhanced. Compared with the CFP and 
OCFP, the proposed OCFP with shorting pins has produced an 
enhanced current flow on the top edge of the patch. Thus, 
additional resonant frequencies might be realized by combing 
the current paths at the top edge and two side edges of the patch. 
As shown in Fig. 3, the proposed OCFP with shorting pins has 
created an additional anti-resonant frequency around 2.15 GHz 
with a high impedance value of around 200 + j 150 Ω.  
It is shown that, by modifying the conventional CFP to the 
proposed novel OCFP with shorting pins, the number of 
resonant/anti-resonant frequencies over the desired frequency 
band (with a frequency ratio < 2) is increased from one (at 1.85 
GHz) to four (at around 1.45, 1.85, 2.15 and 2.45 GHz) over the 
band of interest. Multiband rectennas could therefore be 
designed using the proposed antenna without the need for 
matching networks. 
 
Fig. 7. The simulated RF-DC conversion efficiency of the proposed rectenna 
with different values of D. The received power by the rectenna is 0 dBm.  
 
Fig. 8. The rectenna design for a wide input powers and load impedance range. 
The diodes are HSMS2852 for rectifying circuits RC1 and RC2, and are 
HSMS2862 for rectifying circuits RC3 and RC4. Note that the ground 
connection at RC2 should be disabled when the DC guideline is connected. 
B. Broadband Frequency Selectable Design 
     In order to achieve a selectable operating frequency band for 
the proposed rectenna, the positions of the shorting pins can be 
tuned. According to the theory in [29], when the distance 
between the pins and the center of the patch is changed, the 
current strength on the edges and center areas of the patch will 
vary. As an example, we have studied the effects on the 
resonant frequency bands of the antenna by changing the value 
of D. The simulated resistance and reactance of the proposed 
antenna are shown in Fig. 5. It can be seen that the four resonant 
and anti-resonant frequency bands of the antenna are selectable 
from 1 to 2.8 GHz when the value of D is changed between 5 to 
25 mm. Without modifying the physical dimension of the 
patch, the electrical size of the antenna is therefore selectable 
from 0.28 λ0 to 0.78 λ0 by changing the positions of the shorting 
pins.  
    The schematic view of the complete rectenna using the 
proposed OCFP with shorting pins is shown in Fig. 6. A typical 
Remove this ground 
connection when the 
DC guideline is 
connected 
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voltage doubler rectifier is selected due to its high conversion 
efficiency and simple topology [30].  The capacitors are typical 
100 nF chip capacitors from Murata, the rectifying diodes are 
Schottky diode HSMS2852 from Avago and a typical 2000 Ω 
resistor is used as the load. The rectifier is directly connected to 
the antenna port without the introduction of any additional 
matching circuit components. The performance of the rectenna 
is co-simulated using the ADS and CST software. More 
specifically, a frequency domain power source is employed for 
the rectifier simulation using ADS, where the port impedance is 
directly linked to the antenna impedance exported from the 
CST.  
     Fig. 7 shows an example of simulated RF-DC conversion 
efficiency of the complete rectenna with different locations of 
the pins (parameter D). The efficiency is calculated using  𝜂𝑅𝐹−஽஼ = 𝑃ೀೆ೅𝑃𝐼ಿ                                  (1) 
where POUT  is the output DC power and PIN  is the received RF 
power by the antenna. In the simulation, PIN is the input power 
of the frequency domain power source.  
    It can be seen that, when the input power is 1 mW (0 dBm), 
the rectenna is of high conversion efficiency (about 60%) at 
four different frequency bands. The frequency bands of the 
rectenna can be selected from 1.1 to 2.7 GHz by tuning the pin 
locations. It demonstrates that the proposed rectenna has 
selectable operating frequency over a broad band and also of 
high efficiency, the matching network of the rectenna is 
removed that would reduce the loss, cost and avoid fabrication 
errors (for a complex design). 
III. WIDE POWER AND LOAD RANGES DESIGN 
Another important feature is that the proposed rectenna is 
based on a high impedance conjugate matching system (i.e. 
both antenna and rectifier are of high impedance). Therefore, 
compared with conventional rectennas with a standard 50 Ω 
impedance system, the effect on the reflection coefficient of the 
rectenna caused by the impedance variation of the rectifier (due 
to the nonlinearity) is not very significant for the proposed 
system. Consequently, we may take advantage of this feature to 
make the proposed rectenna suitable for a wide input power and 
load impedance range without the introduction of additional 
matching circuit elements (which is normally a very complex 
procedure for conventional rectenna designs).  
As shown in Fig. 8, based on the rectenna proposed in 
Section-II, three additional output ports are introduced for the 
OCFP antenna, ports 1 and 3 are orthogonal to ports 2 and 4. If 
we connect two identical rectifying circuits (RC1 and RC2) to 
ports 1 and 2 respectively, and combine the output DC power of 
them, the rectenna is able to receive and rectify the incoming 
waves with random polarizations [31]. Similarly, this dual 
polarization capability is applied to ports 3 and 4 as well. To 
achieve a wide input power range, ports 1 and 2 are configured 
for low power DC output while port 3 and 4 are connected to 
the rectifiers for relatively high input powers. A DC guideline 
could be electrically connected between the low power and 
high power rectifiers.  
As an example, the rectifying diodes of RC1 and RC2 are  
 
(a) 
 
(b) 
Fig. 9. The simulated RF-DC conversion efficiency vs. (a) input power level 
and (b) load resistance of the rectenna at three different frequency bands. 
 
HSMS2852 with a forward bias voltage of 0.35 V and a 
breakdown voltage of 3.8 V, while the rectifying diodes of RC3 
and RC4 are HSMS2862 with a forward bias voltage of 0.65 V 
and a breakdown voltage of 7 V [32]. Therefore, the rectifiers 
using the former diode (HSMS2852) would have a lower power 
consumption due to its smaller forward bias voltage, but the 
circuits would break down at a low input power level due to its 
smaller breakdown voltage. In contrast, the rectifier using the 
latter diode (HSMS2862) breaks down at higher input power 
levels but meanwhile has a higher consumption due to its larger 
forward bias and reverse breakdown voltages. In conventional 
rectenna designs, the impedance matching networks for 
rectifiers using different types of diodes are normally very 
different, since the packaging technologies and equivalent 
circuit models of the diodes are different [36], [37]. But, in our 
case, the proposed antenna may directly match well with the 
rectifiers using different diodes due to the high impedance 
system as discussed earlier. 
 The simulated RF-DC conversion efficiency of the proposed  
rectenna at three different frequency bands is shown in Figs. 9 
(a) as a function of the input power level and (b) a function of 
the load resistance respectively. Here we test the low power and 
high power output ports separately (by disconnecting the DC 
guideline). A 2000 Ω load resistor is firstly used.  From Fig. 
9(a), it can be seen that the proposed high impedance antenna is 
well matched to the impedance of the rectifiers using two 
different types of diodes for the desired frequency bands around  
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                                    (a)                                                        (b) 
Fig. 10. (a) The layout of the proposed frequency-reconfigurable adaptive 
rectenna. (b) The fabricated rectenna example.   
 
1.83, 2.14 and 2.45 GHz (for mobile, and Wi-Fi/ISM bands), 
since the conversion efficiency is relatively high in all cases. In 
addition, the conversion efficiency of the low power output port 
(RC1 + RC2) is about 10% higher than that of the high power 
output port (RC3 + RC4) when the input power is between -20 
and 0 dBm. But, the low power rectifiers break down at the 
input power of 7 dBm with maximum conversion efficiency 
around 60 – 70%, while the high-power rectifiers break down at 
a higher input power level (around 14 dBm) with conversion 
efficiency up to 80%. At 0 dBm input power, the efficiency of 
the two-rectifier case as shown in Fig. 9 is a bit lower than that 
of the single rectifier case as depicted in Fig. 6. This is because 
that the rectifier impedance is slightly changed when the two 
rectifiers are connected. Therefore, it could slightly affect the 
conversion efficiency of the rectenna due to the impedance 
mismatch.  
      Next, by setting the input power to the optimal values (7 
dBm for RC1+RC2 and 14 dBm for RC3+RC4) for the 
rectifiers, the load resistance is changed from 100 to 5000 Ω. 
From Fig. 9(b), it can be seen that the conversion efficiency of 
the rectifiers at different frequency bands is nearly consistent 
over a wide range of load impedance. If we set conversion 
efficiency > 60% as a figure of merit, it is demonstrated that the 
proposed rectenna is adaptive for a wide input power range 
between 0 to 15 dBm, and for a wide load impedance range 
from 800 to 4000 Ω. The nonlinear effect of the rectifier is 
therefore significantly reduced which is of high significance for 
WPT and WEH used in practice.  
      It is demonstrated that this design is suitable for different 
types of rectifying diodes without the need of changing the 
impedance matching circuit: by substituting the presented 
diodes using other low power consumption diodes (e.g., 
heterojunction backward tunnel diodes [38]), better energy 
conversion efficiency could be achieved at lower input power 
levels (e.g., -30 to -10 dBm). The design presented in this paper 
is just an example to illustrate the proposed new idea. By 
following the design concept, the details of the rectenna could 
be modified to develop simple and compact rectennas that are 
suitable for any operating conditions without using complex 
matching circuits in the design.  
 
 
Fig. 11. Illustration of the shorting pins configuration for frequency 
reconfigurable design. The pins with electrical connections are highlighted by 
circles.  
TABLE I 
 OPERATING FREQUENCY OF THE RECTENNA FOR DIFFERENT CASES 
  
Parameter D 
 (unit: mm) 
 
Operating Frequency 
Band (unit: GHz) 
 
Case I 5 
 
1.1, 1.6, 1.9 and 2.4  
Case II 10 
 
1.3, 1.7, 2 and 2.4 
Case III 15 
 
1.4, 1.8, 2.1 and 2.5 
Case IV 20 
 
1.5, 1.9, 2.2 and 2.6 
Case V 25 
 
1.5, 2.1, 2.4 and 2.7 
 
IV. EXPERIMENTAL RESULTS AND VALIDATIONS 
The layout of the prototype rectenna is shown in Fig. 10 
along with a picture of the fabricated example. The overall size 
of the PCB is 90 × 90 × 1.58 mm3.  It can be seen that the 
proposed rectenna is of a very simple structure with just a 
number of diodes and capacitors for the basic rectification, 
energy storage and output. No matching networks and extra 
circuit elements are added. Meanwhile, to realize the frequency 
reconfigurable feature, a series of holes are produced on the 
patch along the directions of horizontal and vertical feeding 
ports of the antenna. These holes are used to configure the 
shorting pins with different positions. By soldering or removing 
the electrical connections of the holes, the operating frequency 
band of the rectenna can be manually tuned by changing the 
distance (parameter D) between the shorting pins and patch 
center.  As depicted in Fig. 11, there are five different scenarios 
for the configurations of shorting pins, which are D = 5, 10, 15, 
20 and 25 mm respectively. According to Fig. 7, the operating 
frequency band of the rectenna for these five cases are given in 
Table I. In this way, the rectenna can achieve a wide selectable 
frequency band from 1.1 to 2.7 GHz 
 As a design example, the shorting pins on the patch as 
shown in Figs. 10 (a) and (b) were configured for the Case III  
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Fig. 12. The measurement setup of the proposed rectenna. The rectenna 
direction is tuned to match with its maximum gain direction. 
 
 
(a) 
 
(b) 
 
(c) 
Fig. 13. The simulated 3D radiation patterns (with directivities) of the proposed 
rectenna for the vertical-port (ports 1 and 3) and horizontal-port (ports 2 and 4) 
at (a) 1.83 GHz (b) 2.14 GHz and (c) 2.45 GHz. 
 
where its operating frequency bands were of around 1.4, 1.8, 
2.1 and 2.45 GHz (D = 15 mm in this case). It is also noted that 
the high power and low power rectifiers were connected by the 
DC guideline (the ground connection at RC2 was disabled in 
this case, as shown in Fig. 8). Thus there was only one output 
port for the measurement of DC power in this example.  
The measurement setup of the rectenna is shown in Fig. 12. 
The signals generated by an RF signal generator were amplified 
by using a 30 dB gain power amplifier (PA), and transmitted by  
 
Fig. 14. The simulated and measured conversion efficiency vs. frequency at 
three different input power levels. The load resistance is 2000 Ω. 
 
 
Fig. 15. The simulated and measured conversion efficiency vs. input power 
level at three different frequency bands. The load resistance is 2000 Ω. 
 
TABLE II 
SIMULATED RADIATION EFFICIENCY OF THE ANTENNA 
 
Frequency 
 
Port 
 
Radiation 
Efficiency 
(CST simulated) 
1.83 GHz V-Port 92.3% 
H-Port 95.6% 
2.14 GHz V-Port 94.9% 
H-Port 97.1% 
2.45 GHz V-Port 80.7% 
H-Port 82.5% 
 
a calibrated horn antenna R&SHF906. The proposed rectenna 
was used to receive the signals with a distance of 1 m from the 
transmitting horn antenna. The transmitting power was 
measured by using a power meter while the received power by 
the rectenna was calculated by using the Friis transmission 
equation [33].             𝑃𝑟 =  𝑃𝑡 + 𝐺𝑡 + 𝐺𝑟 + 20 logଵ଴ λ4𝜋𝑟           (2) 
where Pr is the received power in dBm, Pt is the transmitting 
power of the horn in dBm, Gt is the realized gain of the horn in 
dBi, Gr is the realized gain of the proposed rectenna in dBi, Ȝ is 
V-Port H-Port 
V-Port H-Port 
V-Port H-Port 
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the wavelength of interest, and r is the distance (r = 1 m).  Since 
the antenna has been integrated with the rectifier, the realized 
gain of the rectenna cannot be measured with a typical 50 Ω 
port. The realized gain was calculated using the directivity of 
the antenna multiples the radiation efficiency of the antenna 
(simulated using the CST) and impedance matching efficiency 
of the complete rectenna (obtained from the ADS). An example 
of the simulated 3D radiation patterns (for the vertical ports 1 & 
3 and horizontal ports 2 & 4) of the proposed rectenna is shown 
in Fig. 13 at the frequency bands of interest. The antenna is 
linearly polarized over the V- and H-ports, while the maximum 
radiation fields at 1.83 and 2.14 GHz are realized at the 
boresight direction of the antenna. The maximum radiation 
beam of the antenna is slightly tilted at 2.45 GHz. In this case, 
the antenna direction should be tuned in the measurement in 
order to match with its maximum radiation directions. 
According to Fig. 13, it can be seen that the maximum gains of 
the antenna for all ports are about 7.47, 8.24 and 8.66 dBi at 
1.83, 2.14 and 2.45 GHz respectively. Moreover, the 
corresponding simulated antenna radiation efficiency at these 
frequencies is given in Table II for the vertical and horizontal 
ports. The efficiency is over 80% for all cases.  
The simulated and measured conversion efficiency of the 
proposed rectenna example (as shown in Fig. 10) are given in 
Fig. 14. It can be seen that the rectenna has high efficiency 
(e.g., over 60%) at four different frequency bands (around 1.45, 
1.83, 2.15 and 2.45 GHz) with about a 40–50 MHz bandwidth 
of each. The efficiency is almost maintained for three different 
power levels (from 0 to 14 dBm). If the efficiency is studied as 
a function of the input power level, as depicted in Fig. 15, the 
efficiency is always higher than 60% for the input power 
between 0 and 15 dBm. The maximum conversion efficiency is 
achieved at the input power level of around 12 dBm.  
 
Fig. 16. The simulated and measured conversion efficiency vs. load resistance 
at three different frequency bands. The input power level is 12 dBm. 
 
 The maximum efficiency is about 85% at 1.83 GHz, 75% at 
2.14 GHz and 70% at 2.45 GHz respectively. Next, the input 
power is fixed at the optimal value (12 dBm), and the 
conversion efficiency is measured versus a range of load 
impedance, as shown in Fig. 16. It can be seen that, at the 
desired frequency bands, the conversion efficiency is 
constantly high (over 60%) over a large load impedance range 
from 700 to 4500 Ω. The above results have shown good 
agreements between the simulation and measurement due to the 
simplified structure and fabrication process of this design.  
     A comparison between the proposed rectenna using the 
novel design method and other related work reported in the 
literature is given in Table III. Our rectenna has a very wide 
selectable frequency band with relatively high conversion 
TABLE III 
 COMPARISON OF THE PROPOSED RECTENNA AND RELATED DESIGNS 
Ref. (year) Operating Frequency (GHz) 
Complexity 
of the overall 
design 
 
Maximum RF-DC 
conversion 
efficiency (%) 
 
Input power level (IPL) and 
load impedance range 
(LIR) for conversion 
efficiency > 60%  
 
 
Summary of the key features 
[17] (2014) Single-band 
2.45 
Very complex 75 at 19 dBm IPL: 16 – 20 dBm 
LIR: 100 – 5000 Ω 
Buck-boost converter as the load to 
improve the rectifier linearity 
[18] (2015) Reconfigurable 
5.2, 5.8 
Very complex 70 at 16.5 dBm IPL: 12 – 18 dBm 
LIR: 150 Ω 
Use switches in the matching network 
for reconfigurable frequency band 
 
[22] (2015) Dual-band 
0.915, 2.45 
Complex 70 at 0 dBm IPL: -5 – 3 dBm 
LIR: 500 – 3000 Ω 
Resistance compression matching 
network for improving the rectifier 
linearity 
[23] (2015) Four-band 
0.9, 1.8, 2.1, 2.4 
Very complex 84 at 0 dBm IPL: -10 – 0 dBm 
LIR: 11000 Ω 
Stacked rectifier arrays for multiband 
energy harvesting 
[24] (2012) Tunable 
0.9 – 2.45 
Very complex 80 at 30 dBm IPL: Tunable 8 – 30 dBm 
LIR: 750 Ω 
Switchable adaptive rectifier arrays for a 
wide input power range 
[26] (2016) Six-band 
0.55, 0.75, 0.9,  
1.85, 2.15, 2.45 
Very complex 80 at -3 dBm IPL: -15 – 0 dBm 
LIR: 10 – 80 kΩ 
Improved impedance matching networks 
for consistent conversion efficiency 
[27] (2016) Broad-band 
0.9 – 1.1, 1.8 – 2.5 
Simple 75 at 20 dBm IPL: Tunable 0 – 23 dBm 
LIR: 200 – 2000 Ω 
Broadband high impedance conjugate 
matching without additional matching 
circuits 
This work 
(2017) 
Selectable 
1.1 – 2.7 
Simplest 85 at 12 dBm IPL: 0 – 15 dBm 
LIR: 700 – 4500 Ω 
Selectable broadband, adaptive input 
power and load impedance range, no 
matching circuits 
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efficiency (up to 85%). Compared with other work that uses 
buck-boost converter [17], resistance compression network 
[22] and switchable adaptive rectifier arrays [24] etc. for 
reducing the nonlinearity of the system, our rectenna has 
demonstrated an improved circuit linearity with consistent 
efficiency over a wide input power and load impedance range. 
But, our rectenna does not need the complex matching 
networks or circuit elements; thus, it has the simplest structure 
for the rectennas with the similar performance. Moreover, it 
should be noted that the presented design is different from our 
previous work in [27]. In the previous work, we demonstrated a 
method of tuning the impedance value of a broadband dipole 
antenna in order to get it matched with the rectifier impedance 
directly, which could be considered as a design guide for 
broadband rectennas. This work introduces a new method of 
developing the rectenna from a single narrowband patch 
antenna to a multiband device without the need of impedance 
matching networks. This design could be a good example for 
simplified multiband rectennas. In addition, the conventional 
multiband and broadband rectenna designs normally require a 
complex software optimization procedure (for tuning the 
matching circuit components). The proposed new method is 
relatively simple without the selection of circuit elements hence 
is of great significance for volume production of such rectennas 
in practice. 
V. CONCLUSION 
     A new design method for an adaptive rectenna with a wide 
selectable frequency band has been presented. The proposed 
rectenna using this design method has achieved more than 60% 
energy conversion efficiency at four frequency bands that are 
selectable from 1.1 to 2.7 GHz, and over a wide input power 
range from 0 to 15 dBm and a wide load impedance range from 
700 to 4500 Ω. The most attractive feature is that the proposed 
rectenna does not need a complex impedance matching 
network, thus the rectenna can be of a compact size, a simple 
structure and low cost. It has shown excellent performance for 
the target WPT and WEH applications. The design concept is 
easy to follow and of great significance for the real production 
of rectennas with simplified structures and reduced costs.  
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